The anaerobic biodegradation of naphthalene, an aromatic hydrocarbon in tar and petroleum, has been repeatedly observed in environments but scarcely in pure cultures. To further explore the relationships and physiology of anaerobic naphthalene-degrading microorganisms, sulfate-reducing bacteria (SRS) were enriched from a Mediterranean sediment with added naphthalene. Two strains (NaphS3, NaphS6) with oval cells were isolated which showed naphthalene-dependent sulfate reduction. According to 16S rRNA gene sequences, both strains were Deltaproteobacteria and closely related to each other and to a previously described naphthalene-degrading sulfate-reducing strain (NaphS2) from a North Sea habitat. Other close relatives were SRS able to degrade alkylbenzenes, and phylotypes enriched anaerobically with benzene. If in adaptation experiments the three naphthalene-grown strains were exposed to 2-methylnaphthalene, this compound was utilized after a pronounced lag phase, indicating
that naphthalene did not induce the capacity for 2-methylnaphthalene degradation. Comparative denaturing gel electrophoresis of cells grown with naphthalene or 2-methylnaphthalene revealed a striking protein band which was only present upon growth with the latter substrate. Peptide sequences from this band perfectly matched those of a protein predicted from genomic libraries of the strains. Sequence similarity (50% identity) of the predicted protein to the large subunit of the toluene-activating enzyme (benzylsuccinate synthase) from other anaerobic bacteria indicated that the detected protein is part of an analogous 2-methylnaphthalene-activating enzyme. The absence of this protein in naphthalene-grown cells together with the adaptation experiments as well as isotopic metabolite differentiation upon growth with a mixture of ds-naphthalene and unlabelled 2-methylnaphthalene suggest that the marine strains do not metabolize naphthalene by initial methylation via 2-methylnaphthalene, a previously suggested mechanism. The inability to utilize 1-naphthol or 2-naphthol also excludes these compounds as free intermediates. Results leave open the possibility of naphthalene carboxylation, another previously suggested activation mechanism. Introduction Naphthalene [C1QH s ; melting point, 80.2°C; solubility in H 2 0 at 25°C, 0.24 mM; AG/ = 201 kJ mol-1 (Dean, 1992; Eastcott et a/., 1988) ], a hydrocarbon with two fused aromatic rings, is an abundant component of coal tar (first description by Brande, 1820; Garden, 1820; Kidd, 1821) . Also petroleum commonly contains naphthalene (Tissot and Welte, 1984) . Furthermore, naphthalene may originate from some biological sources such as endophytiC fungi (Daisy et al., 2002; Ezra et al., 2004) , Magnolia flowers (Azuma et a/., 1996) , deer hair (Gassett et a/., 1997) and termite nests (Chen et a/., 1998a,b) or the plants and natural soil near termite nests (Krauss et al., 2005) . Naphthalene is a raw chemical for industrial syntheses, in particular of phthalic anhydride (Franck and Stadelhofer, 1987; Preuss et al., 2003) . Human exposure to naphthalene was formerly not uncommon due to its (now obsolete) use as a moth repellent. Naphthalene at high concentration may cause haemolytic anaemia and some other conditions, whereas the tumorigenic potential is presently considered low (Umweltbundesamt, 2007; Bogen et aI., 2008) .
Being a potential environmental contaminant from tar or petroleum and representing the 'archetype' of polycyclic aromatic hydrocarbons, naphthalene has early become of interest as a study substrate in biodegradation research (overview by Gibson and Subramanian, 1984) . Accordingly, aerobic naphthalene degradation has been known since several decades and has been studied in much detail on the molecular level (Habe and Omori, 2003; Karlsson et al., 2003) .
In contrast, the capacity for anaerobic biodegradation of naphthalene has become evident relatively recently, in most cases from observations in anoxic habitats and microcosms under conditions of nitrate reduction, sulfate reduction or methanogenesis (Thierrin: et al., 1993; Coates et aI., 1996; Langenhoff et aI., 1996; Bedessem et al., 1997; Sharak Genthner et aI., 1997; Zhang and Young, 1997; Hayes et aI., 1999; Hayes and Lovley, 2002; Rothermich et al., 2002) . Reports on the isolation and physiology of anaerobic naphthalene degraders are scarce. Pseudomonas-and Vibrio-like strains isolated under oxic conditions from tar-contaminated marine sediment were reported to mineralize naphthalene partially under conditions of denitrification Strand, 1998, 2001; Rockne et al., 2000) . A marine sulfatereducing bacterium (SRB), strain NaphS2, was isolated that grew with naphthalene under strictly anoxic conditions (Galushko et al., 1999) . In addition, a highly enriched sulfate-reducing freshwater culture has been studied which utilized naphthalene anaerobically Annweiler et al., 2002; .
The initial biochemical steps in anaerobic naphthalene degradation are insufficiently understood. Naphthalene is rather unreactive, due to the stabilizing aromatic 101t-electron system and lack of alkyl or polar groups. Still, it reacts more readily than benzene, for instance, with electrophilic and hydrogenating agents. According to present knowledge, naphthalene hydroxylation by use of a reactive oxygen species as in aerobic bacteria (Karlsson et aI., 2003) is excluded or not expected in an anaerobic metabolism with sulfate or nitrate as electron acceptors. After the suggestion of anaerobic hydroxylation through dehydrogenation to a naphthol (Bedessem et aI., 1997) or carboxylation to 2-naphthoate (Zhang and Young, 1997; Annweiler et al., 2002) , methylation of naphthalene has become an attractive hypothesis . The formed 2-methylnaphthalene would subsequently react with fumarate to yield (2-naphthylmethyl)succinate , analogous to the anaerobic reaction of toluene yielding benzylsuccinate (Heider, 2007) .
Considering the scarcity of pure cultures that degrade naphthalene anaerobically, the present study was undertaken to enrich and isolate further strains with such capacity so as to gain insights into their phylogenetic relationships and degradative capacities; this task also included an examination of the discussed possibilities for naphthalene activation. Since capacities for anaerobic biodegradation of various hydrocarbons are apparently widespread among marine SRB (Widdel et aI., 2007) , the present study employed marine sediment as starting material and sulfate as electron acceptor.
Results and discussion

Enrichment, isolation and characterization
Anaerobically incubated medium containing sediment from a Mediterranean lagoon, sulfate and naphthalene (in an inert liquid carrier phase as a non-toxic reservoir) exhibited significant· sulfide formation in comparison with a naphthalene-free control (up to 18 versus 9 mM sulfide) within 8 months. Subcultures (10% inoculum, v/v) reached 18 mM sulfide within 6-7 weeks. Microscopy of sediment-free subcultures revealed oval to rod-shaped cells, several of which contained light-refracting vesicles. Anoxic agar dilution series essentially yielded two distinct types of colonies. The beige colonies were either slightly translucent and consisted of vesicle-free cells, or they were opaque ('chalky') and consisted of cells with vesicles. One strain of each cell type was isolated (Fig. 1) . The isolates are referred to as strains NaphS3 (without vesicles) and NaphS6 (with vesicles).
In purity tests with strain NaphS3, cell types other than in the inoculum were not detectable. However, the purity tests with strain NaphS6 employing pyruvate, lactate or fumarate revealed the presence of an accompanying spirilloid SRB with much smaller and curved cells. In cultures grown with naphthalene or other aromatic substrates (see below), these cells occurred at low numbers (approximately 3% of total); conSidering their size, their estimated biovolume contribution « 0.3%) during growth of strain NaphS6 with . aromatic growth substrates is therefore negligible.
Sequence comparison of 16S rRNA genes of strains NaphS3, NaphS6 and the formerly isolated naphthalene degrader, strain NaphS2 from North Sea sediment (Galushko et aI., 1999) , revealed an affiliation with the Desulfobacteraceae (Deltaproteobacteria) and significant sequence similarity among each other (NaphS3-NaphS6, 97.5%; NaphS3-NaphS2, 99.8%; NaphS6-NaphS2, 97.4%; Fig. 2 ). Other close relatives were marine SRB previously isolated with m-xylene (Harms et aI., 1999) and ethylbenzene (Kniemeyer et al., 2003) , as well as sequence clones retrieved from enrichment cultures with benzene (phelps et al., 1998; Musat and Widdel, 2008) .
If cells of strain NaphS6 were exposed to pressure by centrifugation or inside a 1 ml syringe with application of a jerky push, the light-refracting vesicles disappeared (collapsed), which is characteristic of gas vesicles (Walsby, 1994) . Gas vesicles have been observed in a few SRB (Widdel, 1988) including the closely related ethylbenzene-degrading strain EbS7 (Kniemeyer et al., 2003) . The role of gas vesicles in SRB is unknown.
In addition to naphthalene, strains NaphS2, NaphS3 and NaphS6 also utilized 2-methylnaphthalene (1 % in carrier phase) and 2-naphthoate (1 mM), but not 1-methylnaphthalene or 1-naphthoate at the same concentrations. Benzoate (2 mM) was utilized by strains NaphS2 and NaphS3, but not so far by strain NaphS6. In substrate tests with 1-naphthol and 2-naphthol, possible toxic effects of these compounds (as two-ring analogues of phenol) had to be excluded. If they were added at concentrations of 0.2 mM to naphthalene cultures, sulfide production was completely inhibited. Only concentrations of $ 0.1 mM were non-toxic. However, even at low, non-toxic concentrations, consumption of naphthols was insignificant (experiment with 1-naphthol depicted in Fig. S1 ).
Naphthalene consumption and sulfide formation were quantified in growth experiments. Per mol naphthalene consumed in the cultures of strains NaphS3 and NaphS6, the measured sulfide formation was 6.6 and 4.9 mol respectively. This indicates the capacity for complete oxidation, according to C10HS + 6S0l-+ 2H+ + 6H 2 0 -7 1 OHC0 3 -+ 6H 2 S. The apparent surplus of sulfide in one experiment is explained by a transfer of carrier phase droplets from the naphthalene-containing carrier phase in the pre-culture. The capacity for complete naphthalene oxidation was previously demonstrated with strain NaphS2 (Galushko et al., 1999) .
Test of 2-methylnaphthalene as a possible intermediate of naphthalene degradation
The observed failure of strains NaphS2, NaphS3 and NaphS6 (pre-grown with naphthalene) in the substrate tests to utilize naphthols (see above and Fig. S1 ) excludes them as free intermediates during naphthalene degradation, assuming that their hydrophobicity allows diffusion into the cells (see analogous discussion for phenol; Musat and Widdel, 2008) .
In contrast, the utilization of 2-methylnaphthalene in the growth tests leaves open the possibility that this compound is an intermediate during naphthalene degradation. Via the suggested methylation , naphthalene would be channelled into the pathway of 2-methylnaphthalene by a single and 'elegant' step. Naphthalene is indeed susceptible to electrophilic substitution so that S-adenosylmethionine or methyl-coenzyme B12 could, in principle, serve as co-substrates (CH3+ donors). 2-Methylnaphthalene as a hydrophobic compound is expected to diffuse freely into the cells, like naphthalene. If naphthalene degradation in the marine SRB occurs via 2-methylnaphthalene, naphthalene-grown cells should utilize 2-methylnaphthalene without an induction phase. Whereas such a response is a requisite albeit not a sufficient proof of the role of 2-methylnaphthalene as an intermediate (there might be an independent constitutive utilization), the lack of a response would rule out this compound as an intermediate as long as the added concentration is not toxic. The non-toxic concentration ($ 1 % in the carrier
Fig_ 2. Phylogenetic 16S rRNA-based affiliation of the presently isolated sulfate-reducing strains NaphS3 and NaphS6 (from Mediterranean lagoon) and the previously isolated strain NaphS2 (from a North Sea harbour; Galushko et aI., 1999)_ Sulfate-reducing isolates able to degrade aromatic hydrocarbons are indicated in bold, their substrates being as follows: EbS7, ethylbenzene (Kniemeyer et aI., 2003) ; mXyS1, toluene and m-xylene (Harms et al., 1999) ; oXyS1, toluene and o-xylene (Harms et aI., 1999) ; Desulfosarcina cetonica, Desulfobacula toluolica and PRTOL 1, toluene. Clones S8-21 , S8-30 (phelps et al., 1998) and 8znS295 (Musat and Widdel, 2008) were retrieved from sulfate-reducing enrichments with benzene. The scale bar represents 5% estimated sequence divergence.
phase) was verified during the substrate tests (see above). The tests always included parallel controls with naphthalene alone to verify that all used cell batches were in an active state. If naphthalene-grown cells were exposed to 2-methylnaphthalene, sulfide formation began only after a pronounced lag phase (Fig. 3) . According to this result, 2-methylnaphthalene is unlikely to be an intermediate during naphthalene degradation by the three marine strains. If in an additional control the three strains were grown with 2-methylnaphthalene, they immediately began to consume this compound again upon its addition. The present results are analogous to those obtained with a benzene-grown sulfate-reducing marine enrichment culture which was unlikely to involve free phenol or toluene as an intermediate (Musat and Widdel, 2008) .
Electrophoretic display of major proteins foimed with different substrates
If extracts from cells of the three strains grown with naphthalene or 2-methylnaphthalene were subjected to denaturing gel electrophoresis, the most obvious difference between the protein patterns were 2-methylnaphthalenespecific co-migrating bands of high molecular mass (Fig. 4) . Their peptide sequences perfectly matched those of gene products predicted from genomic shotgun libraries of the three strains (Fig. S2) . These gene products showed sequence similarity to the catalytic (large) subunit (BssA) of benzylsuccinate synthase, the enzyme for the anaerobic activation of toluene (Fig. 5) . Based on these similarities, we assume that the 2-methylnaphthalenespecific band in strains NaphS2, NaphS3 and NaphS6 represents the catalytic subunit of the 2-methylnaphthalene-activating enzyme (2-naphthylmethyl) succinate synthase, which may be termed Nms. This enzyme has not been purified and characterized thus far, but high similarity to benzylsuccinate synthase is expected, due to the activation of a methyl group next to an aromatic ring, and addition to fumarate. The predicted NmsA protein also reveals the possible radical-bearing glycine ( Fig. S2 ; Heider, 2007) . The apparent absence of the striking protein band in naphthalene-grown cells again indicates that naphthalene degradation in the marine strains is unlikely to occur via 2-methylnaphthalene.
Other proteins related to the apparent (2-naphthylmethyl)succinate synthase subunit were predicted enzymes for the anaerobic activation of alkanes (Callaghan et al., 2008; Grundmann et aI., 2008; Fig. 5 ). Hence, the presently known or assumed fumaratedependent hydrocarbon-activating enzymes constitute three phylogenetic sub-branches, in accordance with their different substrates (toluene, 2-methylnaphthalene, n-alkanes). and without any addition (0, negative control) shows that there was no initial activity towards 2-methylnaphthalene. The capacity was induced after more than 20 days, as depicted for strain NaphS6 (D).
Chemical analysis of metabolites
In accordance with other findings (Zhang and Young, . 1997; Annweiler et al., 2000; Galushko et al., 2003; , the polar compound 2-naphthoate was detected (as methyl ester upon derivatization) in both, naphthalene-and 2-methylnaphthalene-grown cultures. 2-Naphthoate or naphthoyl-CoA is an expected central intermediate in the degradation of naphthalene and 2-methylnaphthalene ( Fig. S4) , as benzoyl-CoA is a central intermediate in the anaerobic degradation of many monoaromatic compounds (Boil et al., 2002) . Agreeing with an earlier report (Zhang and Young, 1997) , cells grown with naphthalene in the presence of 13C-bicarbonate incorporated the label into the carboxyl function of 2-naphthoate, according to mass spectrometric fragmentation. Even though this result cannot exclude naphthalene methylation (a methyl group may be derived from CO2), such a reaction is unlikely in view of the other results obtained with the marine strains. The most obvious metabolite in 2-methylnaphthalenegrown cultures was (2-naphthylmethyl)succinate, the amount being 20-fold higher than that of 2-naphthoate. Surprisingly (2-naphthylmethyl)succinate was also detected in some (but not all) naphthalene-grown cultures of the three strains; however, the amount of (2-naphthylmethyl)succinate was c.100-fold lower than that of 2-naphthoate. 2-Methylnaphthalene was detected neither (as a possible impurity) in the added naphthalene nor (as a possible metabolite) in the naphthalene-grown cultures. Because the other experiments with the marine strains did not support naphthalene methylation and subsequent conversion to (2-naphthylmethyl)succinate, one present explanation for the detection of traces of this compound in some naphthalene cultures is its formation from the postulated intermediate, 2-naphthoyl-CoA via side-reactions. With exception of the special, possibly highly synthesis-controlled (2-naphthylmethyl)succinate synthase, the more 'usual' enzymes for the assumed subsequent l3-oxidation-like conversion of (2-naphthylmethyl)succinate to 2-naphthoyl-CoA and succinyl-CoA may be present at a certain level (or constitutive) during growth with naphthalene. Since this conversion is reversible from a biochemical point of view, a reverse (reductive) reaction sequence ;'\', _" 1.-..,~:'.; -r; ; :-0 Fig. 4 . Denaturing gel electrophoresis (SOS-PAGE) of cell extracts from strains NaphS2, NaphS3 and NaphS6 grown with benzoate (Bzt) , naphthalene (Nph) or 2-methylnaphthalene (2MNph). Mass spectrometry of peptides from the 2-methylnaphthalene-specific band (arrowhead) allowed identification of a genome-deduced protein from each strain (see Fig. S2 ) with sequence similarity (see Fig . 5 ) to the catalytic subunit of benzylsuccinate synthase (BssA), which activates toluene anaerobically.
starting with naphthoyl-CoA (formed from naphthalene via still unexplored reactions) and succinyl-CoA (a ubiquitous metabolite) could lead to minor amounts of (2-naphthylmethyl)succinate during growth with naphthalene (Fig. S4 ).
result cannot be explained by naphthalene metabolism via 2-methylnaphthalene (Fig. SS) .
As observed elsewhere (Sullivan et al., 2001 ), 2-methylnaphthalene-grown cultures also formed isomers of methylnaphthoate, H3C-(C10HS)-COO- (Fig. S6 ). These metabolites were not detected in naphthalene-grown cultures. 2-Methylnaphthalene apparently not only underwent fumarate addition yielding (2-naphthylmethyl)-succinate (presumably the main reaction) but also an alternative addition of a carboxyl group as occurring with naphthalene. If cultures were grown with naphthalene in the presence of 1-methylnaphthalene, which is not a growth substrate, other isomers of methylnaphthoates were detected. These were probably dead-end metabolites from a co-activation of 1-methylnaphthalene by the naphthalene-activating enzyme, similar as reported previously . There was no evidence that the carboxyl function of the methylnaphthoates origiTo further substantiate that naphthalene in the marine strains is not metabolized via 2-methylnaphthalene, a naphthalene-grown culture of strain NaphS2 was cultivated with a mixture of deuterated naphthalene (d snaphthalene) and unlabelled 2-methylnaphthalene. Mass spectrometric analysis of metabolite labelling revealed that the major proportion (86%) of the common intermediate, 2-naphthoate, was deuterated and hence derived from naphthalene. Naphthalene in this experiment was obviously metabolized to a greater extent than 2-methylnaphthalene. Nevertheless, almost all (> 99.5%) of the detected (2-naphthylmethyl)sucCinate was unlabelled and thus derived from 2-methylnaphthalene. This (Fig. 4) , the assumed large subunit of (2-naphthylmethyl)succinate synthase, NmsA, with other glycyl radical proteins. For sequence alignment of the 2-methylnaphthalene-specific proteins see Fig. S3 .
nated from a preceding methylation and subsequent metabolism via fumarate addition, because [(methyl-2-naphthyl)methyl]succinates were not detectable.
Concluding remarks
In view of the substrate adaptation experiments, the 2-methylnaphthalene-specific proteins and the isotopic differentiation of metabolites, an activation of naphthalene through methylation is unlikely in the presently studied marine SRB. However, we cannot exclude that this reaction is used, as suggested, for naphthalene activation in a different, terrestrial sulfate-reducing culture . The present experiments leave open the possibility for naphthalene activation by carboxylation (Zhang and Young, 1997; Annweiler et aI., 2002) , a mechanism also suggested for the other unsubstituted aromatic hydrocarbons, benzene (Caldwell and Suflita, 2000) and phenanthrene (Zhang and Young, 1997; Davidova et al., 2007) . An activation by hydrogen atom abstraction and addition to fumarate is presently regarded as unlikely. The resulting product, naphthylsuccinate, has never been observed. Also, such hydrogen abstraction would have to overcome a very high C-H bond strength (469 kJ mor 1 ; Reed and Kass, 2000) in comparison with that of the methyl group of toluene or at the secondary carbon atom of alkanes (368 and 398 kJ mol-1 respectively; McMillen and Golden, 1982) .
Experimental procedures
Source of bacteria and cultivation
Black (anoxic) sediment for enrichment cultures was collected from a Mediterranean lagoon, Etang de Berre (France), and stored under nitrogen at 12°C. Strain NaphS2 has been maintained since its isolation (Galushko et al., 1999) in the laboratory.
Techniques used for preparation of media and anaerobic cultivation were as described elsewhere (Widdel and Bak, 1992; Galushko et al., 1999; Widdel et al., 2004) . Enrichments and subcultures were grown in flat 200 ml bottles; they were provided with 110 ml of HC0 3 -/C0 2 -buffered sulfide-reduced artificial seawater medium, 10 ml of inoculum, 5-7 ml of 2,2,4,4,6,8,8-heptamethylnonane as an inert, insoluble carrier phase containing naphthalene (20 mg ml-1 ), a head space of an NrC02 mixture (9:1, v/v), and black stoppers (Wheaton). Culture bottles were incubated nearly horizontally with the stoppers below the medium surface so as to avoid their contact with the hydrocarbon phase (Widdel et al., 2004) . Cultures containing sediment were only briefly (5 s) shaken every 2 days while consecutive sediment-free cultures were incubated with slow horizontal shaking (50 r.p.m.) or magnetic stirring (100 r.p.m.). All cultures were incubated at 28°C.
Bacterial strains were isolated under anoxic conditions via serial agar dilutions (Widdel and Bak, 1992) . The agar in the 215 tubes was ovei"laid with naphthalene in heptamethylnonane (Galushko et al., 1999) . For purity tests, inocula were transferred to media containing yeast extract (O.S g 1-1 ) and pyruvate, lactate, fumarate or glucose (always 1 mM). Cells from purity and substrate tests were regularly examined microscopically.
In substrate tests, methylnaphthalenes were provided like naphthalene in heptamethylnonane, the concentration being 10 mg mr-l. Naphthoates and benzoate were added from aqueous 0.2 M stock solutions prepared from the acids and NaOH. Naphthols were added from 2 mM stock solutions in seawater medium; the poorly soluble, solid compounds were dissolved by shaking for 1 day.
Adaptation experiments
To prepare metabolically active concentrated cell suspensions, a total volume of 1 I combined from naphthalenegrown cultures was separated inside an anoxic chamber from the liquid carrier phase by means of a separatory funnel and centrifuged under an NrC02 mixture (9:1, v/v). Cells were re-suspended in 300 ml of anoxic medium. Aliquots of 100 ml for individual experiments were distributed into anoxic 130 ml bottles and provided with 3.7 ml of heptamethylnonane containing naphthalene (20 mg ml-1 ) or 2-methylnaphthalene (10 mg ml-1 ). Consumption of naphthols or formation of sulfide (in case of naphthalene or 2-methylnaphthalene) was followed by chemical analysis of samples that were withdrawn with N2-flushed syringes.
Chemical analyses
Sulfide was quantified photometrically as fresh colloidal CuS (Cord-Ruwisch, 1985) .
Naphthalene in the carrier phase was measured with an AutoSystem gas chromatograph (Perkin Elmer) equipped with a fused silica capillary column (OPTIMA S, MachereyNagel; length, SO m; inner diameter, 0.32 mm; film thickness, 0.2S ~m) and a flame ionization detector.H2 was used as carrier gas. The oven temperature was programmed from 40°C (S min isothermal) to 200°C at a rate of 5°C min-1 and further to 320°C (S min isothermal) at a rate of 20°C min-1 • Naphthols were measured by using a high-performance liquid chromatograph (Sykam) with an IBJ A3 column (4 x 60 mm). Elution was by 20 mM NaCI in 4S% (v/v) aqueous ethanol at a flow rate of 1 ml min-1 at SO°C. Naphthols were detected at 220 nm with an S 3200 UV detector (Sykam).
To analyse metabolites of naphthalene and 2-methylnaphthalene degradation, cultures grown with these substrates were acidified and extracted essentially as described (Rabus et al., 2001 ) using dichloromethane as solvent. Methylated extracts were analysed by gas chromatography-mass spectrometry either with a type 6890 gas chromatograph (Hewlett Packard) connected to a type 95XL mass spectrometer, or with a Trace . GCMS (Thermoelectron, Dreieich, Germany) as described (Wilkes et al., 2000; Rabus et al., 2001; W6hlbrand et al., 2008) . Separation of methyl-2-naphthoic acid methyl esters was achieved on a fused silica capillary column (SGE BP21; length, 25 m; inner diameter, 0.22 mm; film thickness, 0.25 I1m). The oven temperature was programmed from 50°C (1 min isothermal) to 240°C (30 min isothermal) at a rate of 3°C min-'.
rRNA-based analyses
Extracted DNA (Zhou et aI., 1996) was used for almost fulllength 16S rRNA gene amplification by polymerase chain reaction (PCR) using the Bacteria-specific primers Sf (Hicks et al., 1992) and 1492r (Kane et al., 1993) . Products were purified with the QIAquick Purification Kit (Qiagen) and cloned into the pCR4 vector (lnvitrogen) that were used to transform Escherichia coliTop1 0 (Invitrogen). Positive clones were sequenced using the ABI Prism BigDye Terminator v 3.0 cycle sequencing kit and an ABI Prism 3100 Genetic Analyser (Applied Biosystems). The procedure for strain NaphS3 included 25 PCR cycles. In case of strain NaphS6, amplification of the sequence from the contaminant which occurred at low number was avoided by using only 20 PCR cycles. Subsequent direct sequencing, which did not show a contaminating sequence, and sequencing after cloning always yielded identical sequences, indicating their origin from the abundant cell type.
Sequences were assembled using the DNA Baser software (http://www.dnabaser.com). The sequences were aligned with those from the SILVAdatabase (http://www.arb-silva.de). Phylogenetic trees were constructed by tools of the ARB software package (Ludwig et al., 2004) using maximum likelihood analysis and applying different sets of filters. Only almost full-length sequences (> 1400 bp) were used for tree construction.
Protein analysis and shotgun sequencing of genomic DNA
Preparation of cell Iysates of naphthalene-or 2-methylnaphthalene-grown cells, sodium dodecylsulfate gel electrophoresis and Coomassie blue staining were performed as described (Rabus and Heider, 1998) . The 2-methylnaphthalene-specific bands were excised for analysis by mass spectrometry (MS). Peptide masses (via MS) and sequences (via MS/MS) were determined as described (Hufnagel and Rabus, 2007) . Peptide masses and peptide fragment fingerprints were mapped to the in silico digests of the predicted proteins by using the MS-Digest program (Clauser et al., 1999) .
Isolation of genomic DNA and generation of plasmid libraries (average insert size of 1.8 and 3.5 kb) were carried out as described (Rabus et aI., 2002) . Whole-genome shotgun sequencing was performed via dye terminator sequencing using ABI3730XL capillary sequencers. Shotgun sequences were assembled using PHRAP (http://www.phrap.org). The assembly was edited and verified using Consed (Gordon, 2004) for selected sequences of the draft.
Potentially coding sequences were predicted by Glimmer3 and manually curated,in Artemis, as described (Rabus et al., 2002) . Gene sequences encoding the assumed large subunit of (2-naphthylmethyl)succinate synthase (NmsA) were identified by searching with peptide masses and sequences.
Sequence quality of the identified nmsA genes was manually inspected.
The MEGA 3.1 program was used for alignment and tree construction (Kumar et al., 2004) of glycyl radical enzymes. Full-length amino acid sequences were aligned with CLUSTALW using the Gonnet matrix. A consensus neighbourjoining tree was constructed. Inferred phylogeny was tested by bootstrap analysis (1000 replications).
Data deposition
The 16S rRNA gene sequences of the presently obtained isolates, strains NaphS3 and NaphS6, have been submitted to GenBank under Accession Nos EU908726 and EU908727 respectively. The previously determined 16S rRNA sequence from strain NaphS2 is available under GenBank Accession No. AJ132804. Nucleotide sequences of the nmsA genes that encode the assumed 2-methylnaphthalene-activating enzyme, (2-naphthylmethyl)succinate synthase, in strains NaphS2, NaphS3 and NaphS6, have been submitted to EMBUGenBanklDDBJ under Accession Nos CU466266, CU466267 and CU466269, respectively.
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